Freeze-etching, the practice of removing excess surface water from a sample through sublimation into the vacuum of the analysis environment, has been extensively used in conjunction with electron microscopy. Here, we apply this technique to time-of-flight secondary-ion mass spectrometry (ToF-SIMS) imaging of cryogenically preserved single cells. By removing the excess water which condenses onto the sample in Vacuo, a uniform surface is produced that is ideal for imaging by static SIMS. We demonstrate that the conditions employed to remove deposited water do not adversely affect cell morphology and do not redistribute molecules in the topmost surface layers. In addition, we found water can be controllably redeposited onto the sample at temperatures below -100°C in vacuum. The redeposited water increases the ionization of characteristic fragments of biologically interesting molecules 2-fold without loss of spatial resolution. The utilization of freeze-etch methodology will increase the reliability of cryogenic sample preparations for SIMS analysis by providing greater control of the surface environment. Using these procedures, we have obtained high quality spectra with both atomic bombardment as well as C 60 + cluster ion bombardment.
Introduction
The role of individual lipid components in membrane processes is a topic of considerable interest in cellular and molecular biology.
1-3 A variety of methods including atomic force microscopy (AFM), 4 NMR, 5 near-field scanning optical microscopy (NSOM), 6 electron spin resonance (ESR), 7 single particle tracking (SPT), 8 and fluorescence microscopy have been applied to the study of membrane lipid heterogeneity. 9 Indeed, much of what is known about role of individual lipid components in membrane processes has been obtained with fluorescence techniques. Typically, synthetic fluorescent probes containing fatty acid-like chains are inserted into the membrane. By manipulating the structure of these chains, a preference for various lipid domains is imparted, although the chemical specificity is often restricted. In addition, these bulky fluorophores might perturb the environment and alter intrinsic domain formation events. 4 Recently, imaging with time-of-flight secondary-ion mass spectrometry (ToF-SIMS) has been shown to be a powerful analytical tool for mapping the distribution of biologically relevant small molecules (<1000 Da) on a surface. 10 This method combines submicrometer spatial resolution, high chemical specificity, and surface sensitivity, making it a promising tool for the study of lipids in cellular membranes. Briefly, a pulsed beam of primary ions is directed at the analysis surface, causing the sputtering of ions and molecules. The ions are extracted into a ToF mass analyzer generating a mass spectrum. To obtain an image, the primary beam is raster-scanned across the surface, recording a mass spectrum for each pixel. Masses of interest are then selected from the spectrum, and their intensities are mapped across the imaging area. When combined with cryogenic sample preparation techniques, ToF-SIMS allows the detailed study of membrane lipids during dynamic processes such as membrane fusion.
11-13
The quality of the information obtained with this technique is dependent upon conservation of the morphological and chemical integrity of samples.
14 However, utilization of ToF-SIMS requires that the biological samples be analyzed in a high vacuum environment. Toward this end, many approaches have been used, including freeze-fracture, 13 freeze-drying, 15-18 vitrification in trehalose, 19 and imprinting on metal foil. 20 We have previously developed a freeze-fracture protocol based on methods used in electron microscopy. In this method, freezing of the sample is performed in liquid ethane to quench the sample, capture dynamic Another challenge facing SIMS imaging is low signal intensity from many biologically interesting molecules. Ionization efficiency measurements of membrane lipids demonstrate that less than 0.01% of molecules desorbed by the primary ion beam impact are ionized. 21 Improving the ionization efficiency of the target molecules could greatly improve the SIMS signal. Significant increases in sputter yield have been achieved using cluster ion sources for sample bombardment and have attracted the attention of many in the SIMS community. [22] [23] [24] Many groups have been pursuing ways of improving signals through creative sample preparations, coating samples with thin metal films (metA-SIMS), 25 deposition of matrix-assisted laser desorption ionization (MALDI)-type matrices (ME-SIMS), 15, [26] [27] [28] and the addition of metal nanoparticles. 29, 30 In this paper, a sample preparation technique is described utilizing cryogenic sample preparation methods that not only improve the reproducibility of biovacuum interfaces but also increase ionization efficiency. The approach is illustrated using oligodendrocytes and macrophages, and the key attributes of the sample treatment are examined using various lipid model systems. With this method, adventitious sources of surface water-ice, which tend to block the emission of biomolecules, are removed by low-temperature sublimation. Next, a controlled amount of amorphous ice is redeposited back onto the sample surface. This step yields significant signal enhancement when compared to freeze-dried sample preparations and also produces a uniform surface which does not have spatial resolution limited by matrix crystallization.
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Experimental Section
Cell Culture. Oligodendrocytes were harvested from 1 day old Sprague-Dawley rat pups and separated from cerebral tissue as previously described. 32 The cells were cultured on 5 mm × 5 mm silicon shards (Ted Pella, Redding, CA) that were coated with 0.2 mg/mL poly(L-lysine) (VWR, West Chester, PA) and 0.1 mg/mL collagen (Sigma-Aldrich, St. Louis, MO). Cells were incubated until maturation was visible under a microscope.
J774 macrophage cells were cultured in sterile, polystyrene cell culture flasks. When confluent, the cells were treated with 25 µg/mL DiI (Molecular Probes, Eugene OR) in serum-free media (Invitrogen, Carlsbad, CA) for 1 h. Following this treatment, the cells were rinsed with media before being dislodged from the culture dish by gentle tapping. The suspension of cells was added to a new flask containing sterile 5 mm × 5 mm silicon shards.
Cell Preparation for Imaging. Shards containing maturing oligodendrocytes or macrophages were rinsed for 5 s in 18 MΩ water to remove contamination from excess media. To prevent cell rupture, they were quickly frozen in liquid ethane and stored under liquid nitrogen (LN 2 ). The samples were introduced to the ultrahigh vacuum (UHV) environment at LN 2 temperatures. Details of this process have been described elsewhere. 13 Once under vacuum, the sample was warmed 5°C/min to -80°C to remove the water while minimizing crystallization and redistribution of molecules by efflux of water from the surface. This process was monitored using a video camera mounted on a brightfield microscope, to ensure that microscale signs of crystallization did not occur. When the water was removed, the sample was quickly returned to liquid nitrogen temperatures. During the cooling process, some residual water in the vacuum environment was redeposited on the sample, producing a uniform layer of water on top of the cells.
Preparation of Patterned Cholesterol Films. Physical vapor deposition (PVD) films were prepared by subliming cholesterol contained in a crucible by resistive heating of a tungsten filament followed by deposition onto a LN 2 -cooled sample stage. The film thickness was monitored using a quartz crystal microbalance (QCM) and subsequently characterized using AFM. AFM images were collected using a Nanopics 2100 instrument (KLA Tencor, San Jose, CA) by scanning a 200 µm field of view (FOV) in contact mode.
Preparation of Lipid Films. Lipids were dissolved in 9:1 CHCl 3 / MeOH solution at concentration of 1 mg/mL. Films were prepared by spin-coating 50 µL aliquots of lipid solution onto 5 mm 2 silicon shards at a spin rate of 3000 rpm for 60 s. Dipalmitoylphosphatidylcholine and dilauroylphosphatidylethanolamine were obtained from Avanti Polar Lipids (Alabaster, AL), and cholesterol was obtained from Sigma Aldrich (St. Louis, MO). All lipids were used without further purification. Each lipid spectrum was taken from a sampling area of 132 × 102 µm 2 using 5 × 10 5 primary ion pulses. For enhancement measurements, the integrated peak area for the mass of interest was divided by the integrated peak area for the internal standard fragment (m/z 69), yielding a relative intensity.
Mass Spectrometry. Imaging data using In + primary ions were acquired using a Kratos Prism ToF-SIMS spectrometer (Manchester, U.K.) equipped with an In + liquid metal ion source (FEI, Beaverton, OR). The pulsed primary ion source was operated at an anode voltage of 15 kV angled at 45°to the sample. The beam was focused to approximately 200 nm in diameter, and it delivered 1 nA of DC current in 50 ns pulses. The sample was mounted onto a LN 2 -cooled analysis stage (Kore Tech. Ltd., Cambridge, U.K.) biased at +2.5 kV, 2.5 in. from a cold trap also cooled with LN 2 . An extraction lens, biased at -4.7 kV, collected the secondary ions which then traveled along a 4.5 m flight path and were detected at a microchannel plate (MCP) detector (Galileo Co., Sturbridge, MA).
Imaging data using C 60 + primary ions were acquired using a BioToF ToF-SIMS spectrometer, described in detail elsewhere. 33 The spectrometer was equipped with a 40 keV C 60 + primary ion source [34] [35] [36] (Ionoptika Ltd., Southampton, U.K.). The source was operated with a 300 µm diameter beam defining aperture, yielding approximately 20 pA of DC current.
Mass spectrometry images were acquired by raster-scanning the primary ion beam across the sample region and collecting a mass spectrum for each pixel. Using in-house imaging software, Visual C++, molecule-specific images were created by selecting a mass peak of interest from the total ion mass spectrum and plotting the intensity of this mass at each pixel in the image. The intensity of each peak could then be displayed in false color, and multiple images were overlaid. Signal intensities can be relatively compared in mass specific images using the line scan function built into the software. A line scan is a plot of the summed pixel intensities for a given chemical map as a function of the lateral distance of the line.
The instrument was also equipped with a channeltron detector (Burle, Lancaster, PA) positioned approximately 0.5 cm from the sample which was used to generate scanning ion micrographs (SIM). Scanning ion images were obtained by using the channeltron to measure the current of charged species and electrons emitted from the sample during direct current ion bombardment.
Results and Discussion
Single Cell Imaging. Analyzing the native morphology and molecular distributions is crucial to determining the biological role of individual molecules. Several cryogenic methods have been developed to achieve this difficult end.
14,37 In the method presented here, the samples are plunge-frozen in ethane to eliminate sample damage due to water crystallization and then stored under LN 2 until analysis. A sample preparation and transfer chamber designed in-house 13 is utilized to fracture the sample sandwich and move the sample to the analysis stage without significant warming. With careful control of the temperature and pressure during this process, a clean fracture surface can be generated. The limitations of this approach are that control over the conditions can be difficult to maintain through the transfer process and that the plane of fracture is unpredictable. This can result in fractures through the center of a cell or through pure ice, leaving the cell damaged or completely buried.
Previous attempts in our laboratory to remove excess surface water through sublimation have been unsuccessful. Warming of freeze-fractured liposomes results in images with lipid spread homogenously across the surface. 13 It appears that large water sublimation fluxes can redistribute molecules across surfaces. We have found here that significant amounts of water can be removed from the surface without the redistribution of lipids, by ensuring that the sample temperature does not exceed -80°C before being returned to LN 2 temperature. Images of cells that have been prepared in this fashion are shown in Figure 1 .
A mature oligodendrocyte in culture, exhibiting the characteristic, delicate cellular processes, is shown in Figure 1A . A brightfield image of a similar oligodendrocyte in vacuum after undergoing the freeze-etching process is shown in Figure 1B . The SIM image shown in Figure 1C of the same cell shown in part B demonstrates that the cell maintains its morphology. A SIMS image overlay, where the green pixels represent m/z 184 phosphatidylcholine (PC) and blue represents m/z 28 from the Si substrate, is shown in Figure 1D . From this image, we can see that there is not a measurable redistribution of lipid molecules from the cell to the adjacent surface, as previously seen when warming samples.
13,38
To demonstrate the damage that occurs when warming is not controlled, Figure 1E and F show a cell that has been damaged by the warming process. The brightfield image in part E shows that the delicate processes of the cell have been destroyed. In addition, the SIMS overlay shown in part F demonstrates that there is significant smearing of the PC signal that occurs. In fact, the resulting image in these cases rarely resembles what is observed in the microscope.
Deposition of Water.
To test the effect of water redeposition on the sample, a simple model system consisting of a patterned thin film of cholesterol was used, and this was characterized by SIMS and AFM. The film was created using physical vapor deposition of cholesterol onto a Si substrate with a finder grid in the center. After the deposition, the finder grid was removed, leaving a relief pattern on the Si. SIMS images of the resulting film, before (A and B) and after (C and D) the deposition process, are shown in Figure 2 .
Images A and C in Figure 2 show all of the ions collected from the surface on the same thermal intensity scale. Deposition of water was confirmed by monitoring the increase of m/z 18, representing [H 2 O · ] + , using SIMS (data not shown). When qualitatively comparing images A and C, it is evident that more ions are collected from the cholesterol islands after deposition. The inverse is true for the signal from the Si substrate. Figure  2B and D shows SIMS overlay images that represent cholesterol (green) and Si (blue). The ionization effect on cholesterol is demonstrated through the use of a line scan shown in Figure 2E . A more thorough investigation of these ionization effects can be found later. The data in image D shows that there is no measurable change in the distribution of cholesterol as a result of water deposition. Due to the limitations of spot size of the In + source, measurements of lateral resolution from this analysis have been limited to approximately 1 µm, and no change in resolution was measured after deposition. To more fully demonstrate the preservation of film features, the samples were also analyzed using AFM.
Representative AFM images are shown in Figure 3 . Images A and B show the same feature on the film before and after being placed in vacuum and having water deposited and then removed, respectively. Image B shows that there are no changes resulting from the deposition and removal process. The representative line scans shown correspond to the same feature on the film, and measurements of feature size confirm that there is no change.
There is no evidence of damage from deposition or removal, which implies that a matrix can be vapor-deposited without imposing a limit on spatial resolution. This result has important implications for imaging of single cells with SIMS, as it increases the signal without compromising sample preservation. Various compounds, other than water, might be deposited in vacuum to yield greater ionization increases.
Signal Enhancement. Water sublimed from the sample is not completely removed from the vacuum environment. Thus, the subsequent return of the sample to liquid nitrogen temperature results in the deposition of some water on the sample. Redeposition can be monitored from the intensity of the mass peak at m/z 18, in the mass spectrum of freeze-etched samples. Of great potential interest, water deposition was found to enhance the signal from several lipid molecules.
To quantify the enhancement observed, films of the lipids phosphatidylcholine (PC), phosphatidylethanolamine (PE), and cholesterol (CH) were analyzed with SIMS using an In + primary ion beam (Table 1 ). The intensity of characteristic fragments 39, 40 was measured by integrating the peak areas and normalizing them to the intensity of m/z 69 (C 5 H 9 + ). The (C 5 H 9 + ) fragment has been used as an internal standard to account for small variations in secondary-ion signals that can occur during SIMS analysis as a result of primary beam current fluctuation, sample topography, and secondary-ion collection efficiency. 16, 41 With this analysis, variability of less than 10% is achieved using many different samples.
Signal enhancement is observed for all characteristic fragments measured in the analysis; however, as is seen in previous studies, 25, 30, 31, 42 the amount of enhancement varied for each fragment analyzed. Some signals, such as m/z 184, resulting from the PC headgroup, have already been extensively mapped in previous SIMS imaging experiments.
15,16,20,37 Other ions have not produced sufficient signal intensity for the production of detailed images. Of particular interest to lipid mapping experiments are the signal enhancements observed for characteristic lipid tail fragments, lipid molecular ions, and the m/z 224 fragment (PC headgroup plus glycerol). Significant increases in the tail group signal make it possible to image unique distributions of acyl chains in lipid models such as liposomes or supported bilayers. Also significant is the appearance of the molecular ion peak for dipalmitoylphosphatidylcholine (DPPC). Ion bombardment using In + is known to induce a large amount of fragmentation upon impact, and the DPPC molecular ion is not observed in dry lipid preparations. The cold samples of DPPC exhibit a considerable signal corresponding to [M + H] + . Enhancement of the 224 fragment is also of significance to biological imaging experiments because reference spectra 43 demonstrate that this fragment can be used to differentiate between PC derived from phospholipid species and PC derived from sphingomyelin, which has not been possible in previous imaging studies.
Role of Water Deposition in Signal Enhancement. It has been previously established that PC ionization can proceed by intermolecular proton abstraction and that the presence of water in frozen hydrated samples increases ionization efficiency. 44 In an attempt to differentiate the effect of the presence of water from the effect of cooling the sample, a cold trap was placed in the analysis chamber to remove water from the chamber before the film was cooled on the stage. When the trap is employed, the signal enhancement observed from cooling is significantly decreased by 20 ( 8%, and the change in ionization efficiency was not significant (Student's t-test, p ) 0.145). When the trap is not used, the enhancement observed is significant (51 ( 6%, Student's t-test, p ) 0.002). This is strong evidence that small amounts of water deposition cause the increase in ionization efficiency. Results are summarized in Figure 4 . Surface Stability during Analysis. To demonstrate the stability of the surface that results from the low-temperature deposition of a water matrix, multiple regions were analyzed across the surface of a DPPC film over the course of 3 h. The intensity of m/z 18, standardized to total secondary-ion intensity, was used to monitor the deposition of water (data not shown). After an initial 20 min of cooling, the enhancement effect is saturated. Assuming a sticking coefficiecnt of unity, 20 min corresponds to 1.6 × 10 13 water molecules/cm 2 . Following the initial increase, the signal intensity of characteristic DPPC fragments varied by no more than 10%.
Conclusion
A novel alternative approach is presented to prepare reproducible biovacuum interfaces amenable to ToF-SIMS imaging analysis. This process exposes cells with similar surface environments, making cell-to-cell comparisons feasible. During the preparation process, the cell remains frozen, thus preserving the native state of the membrane as well as the spatial distribution of the lipid molecules. Matrix deposition occurs at low temperatures, resulting in a matrix which does not impose a limit on lateral resolution.
Deposition of water from the vacuum environment serves to enhance the ionization efficiency of characteristic lipid fragments as well as high mass ions. Current evidence suggests that water interacting directly with the biological surface may donate protons, resulting in the observed enhancement effect. If so, it should be feasible to deposit other compounds that may be better proton donors to further increase the enhancement observed with water- a Data were obtained using In + as the primary ion with all intensities normalized to m/z 69. Cold films were exposed to approximately 0.1 L (1 Langmuir ) 10 -6 Torr s). ice. The deposition of water also serves to enhance the ionization of cholesterol, though the role of water in the mechanism is currently not known.
The enhancement effect is stable over a period of hours, resulting in an "analysis window" in which the results of different images can be directly compared. The ability to produce a consistent and uniform surface environment will greatly improve the reproducibility of SIMS imaging, and it is essential to obtaining quantitative information from SIMS analyses.
These procedures yield high quality spectra both for atomic bombardment in the low dose mode and with cluster bombardment. We believe this strategy adds to the options available for producing cryogenically preserved single cells with high spatial integrity for SIMS analysis.
